Abstract -Patients who have implanted medical devices with long conductive leads are often restricted from receiving MRI scans due to the danger of RF-induced heating near the lead tips. Phantom studies have shown that this heating varies significantly on a case-by-case basis, indicating that many patients with implanted devices can receive clinically useful MRI scans without harm. However, the difficulty of predicting RF-induced lead tip heating prior to scanning prevents numerous implant recipients from being scanned. Here, we demonstrate that thermo-acoustic ultrasound (TAUS) has the potential to be utilized for a prescan procedure assessing the risk of RF-induced lead tip heating in MRI. A system was developed to detect TAUS signals by four different TAUS acquisition methods. We then integrated this system with an MRI scanner and detected a peak in RF power absorption near the tip of a model lead when transmitting from the scanner's body coil. We also developed and experimentally validated simulations to characterize the thermo-acoustic signal generated near lead tips. These results indicate that TAUS is a promising method for assessing RF implant safety, and with further development, a TAUS pre-scan could allow many more patients to have access to MRI scans of significant clinical value.
Thermo-Acoustic Ultrasound for Detection of RF-Induced Device Lead Heating in MRI
This RF-induced heating has been observed in vivo and has injured patients undergoing MRI scans [3] , [4] . Consequently, many implanted medical devices and leads have been contraindicated for MRI, preventing numerous implant recipients from receiving MRI scans [5] . Recently, "MRI-conditional" devices, employing modified lead structures, reduce coupling to the transmit RF fields to allow scanning under certain limitations such as reduced RF power [6] - [8] . These limitations are often too strict to allow for the acquisition of clinically useful images [9] and do not benefit legacy devices. RF-induced tip heating in MRI depends on numerous factors, including the structure of the lead, its length relative to the RF wavelength, and its position and orientation in the RF transmit coil [10] - [14] . Electromagnetic simulations to assess RF-induced heating require detailed modeling of the lead structure, the lead path in the body, and the patient orientation relative to the RF transmit coil. An exclusion of fine details can significantly impact simulated heating levels [15] , yielding a disparity with validations. In phantoms, the amount of heating is significant for certain lead configurations, yet remains below physiologically harmful levels for many others. Despite the uncertainty, many implant recipients have been scanned without issue using RF power levels well above the manufacturer-recommended limits [16] , [17] . RF-induced tip heating can vary dramatically on a case-by-case basis; hence, many patients who are currently restricted from receiving MRI scans could have undergone these scans at normal RF power levels without adverse effects. However, the complexity of the many interrelated factors that affect lead tip heating makes assessing the risk of heating for each individual patient difficult. A pre-scan to reliably assess this risk on a case-bycase basis could have a significant clinical impact.
The ideal pre-scan should be done with the patient positioned in the scanner and subjected to RF coupling by the same RF transmit coil(s) used for imaging but with minimal RF energy deposition to prevent heating. Detailed modeling of the lead, the patient, and the RF transmit coil(s) should be unnecessary. A variety of RF safety pre-scans have previously been proposed. B1 mapping can quantify the RF current induced on leads from the B1 artifacts during RF transmit [18] - [21] . Alternatively, the reversal of polarization during RF transmit and/or receive exploits these B1 artifacts for the acquisition of MR images that highlight RF coupling to leads [22] . Another pre-scan technique analyzes perturbations of the RF transmit coil S-parameters to determine the degree of coupling between these channels and conductive leads [23] . Each of these methods has limitations; B1 artifact methods work best when the lead path has a simple geometry and is oriented along the B0 field direction, and induced lead currents cannot be easily quantified from S-parameter deviations.
In this work, we propose the use of thermo-acoustics to assess RF implant safety. RF power absorption in a region -expressed in terms of specific absorption rate (SAR) -can cause thermo-elastic expansion and sound emission. We demonstrate that thermo-acoustic ultrasound (TAUS) is a viable technique to detect the peaks in local SAR near lead tips that are associated with RF-induced lead tip heating in MRI.
II. THEORY
A. The Thermo-Acoustic Effect TAUS is a hybrid imaging technique that uses RF excitation and acoustic reception to detect RF power absorption [24] , [25] . The basis of TAUS is the thermo-acoustic effect in which the absorption of RF energy creates acoustic waves. When RF energy is absorbed by a material, the resulting heating causes local thermal expansion, which in turn creates a pressure distribution that propagates through space as an acoustic wave. Although thermal expansion is the physical source of the thermo-acoustic signal, only a minute temperature rise is required to create a perceptible signal in tissue. A temperature increase of 1 mK can create a pressure of approximately 800 Pa, which exceeds the noise floor of typical ultrasonic transducers [26] .
The thermal confinement condition for thermo-acoustics specifies that the effects of heat transfer can be neglected when the characteristic thermal diffusion and convection lengths over the duration of each RF excitation are much smaller than the desired spatial resolution [27] . When this condition is satisfied, the thermo-acoustic effect in a uniform, nonattenuating medium can be described by the wave equation
Here, p is the thermo-acoustic pressure, v s is the speed of sound, β is the thermal expansion coefficient, C is the heat capacity per unit mass, and H is the RF power absorbed per unit volume or, given density ρ and the instantaneous local SAR:
Assuming a narrowband RF transmit, the instantaneous local SAR can be approximated as a separable function of position and time:
G describes the SAR spatial profile, which specifies how the SAR varies as a function of position, at the RF frequency of interest. The SAR spatial profile is determined by the electric field spatial profile and the medium's electromagnetic properties, both of which are frequency-dependent. P denotes the RF transmit power over time, which is proportional to the square of the RF transmit amplitude. Combining (1) to (3), the thermo-acoustic wave equation can be expressed as
From (4), the initial pressure distribution generated by the thermo-acoustic effect following an RF impulse is determined by the SAR spatial profile G. Assuming that the properties of the medium are known, inverse methods are needed to estimate the SAR spatial profile from the signals recorded by acoustic receivers in a TAUS scan. Reflections, attenuation, and refraction of the propagating acoustic waves through a complex medium like the human body can make converting received signals to quantitative SAR values challenging. However, as in conventional ultrasound imaging, the received acoustic signals can still provide valuable information without a precise quantitative result.
By assuming an exp( j ωt) time dependence, (4) can be transformed from the time domain to the temporal frequency domain to give
wherep andP represent the thermo-acoustic pressure p and RF transmit power P in the temporal frequency domain. The linear relationship between the frequency-domain spectra of the thermo-acoustic pressure and the RF transmit power in (5) implies that thermo-acoustic signals can be generated at ultrasound frequencies by modulating the RF transmit power at these frequencies. Whereas the RF carrier frequency impacts the SAR spatial profile, the envelope of the RF transmit signal determines which acoustic frequencies are excited.
B. TAUS Acquisition Methods
Multiple modulation techniques employing pulsed and continuous wave (CW) approaches can be used for TAUS acquisition. Pulsed TAUS, as in conventional ultrasound, uses the time delay between the transmitted pulse and received signal to determine range. Because pulsed TAUS is a time-domain method, the spatial resolution is limited by the pulse duration according to the stress confinement condition -namely, the limit of the achievable resolution is the product of the pulse duration and the speed of sound [27] .
Frequency-modulated continuous-wave (FMCW) acquisition methods, which are common in radar, can also be used for TAUS [28] , [29] . In FMCW TAUS, the RF signal is amplitude modulated by a linear frequency modulation (LFM) chirp signal, exciting thermo-acoustic signals at frequencies within the chirp's spectrum. FMCW amplitude modulation encodes depth via frequency rather than time, allowing RF excitation and acoustic signal reception to occur simultaneously. For frequency-domain techniques, the spatial resolution is limited by the acquisition bandwidth. The received signal is demodulated by a reverse chirp acting as a matched filter to recover SNR and resolution.
A hybrid of square-wave pulsed transmit with CW modulation can simplify drive electronics. For this square-wave modulation, an RF carrier is on/off keyed (OOK) by a square wave whose instantaneous frequency is determined by the frequency of an LFM chirp signal [30] . For an LFM square wave of 50% duty cycle and increasing frequency (hence decreasing length), Fourier analysis yields similar thermoacoustic excitation to direct FMCW amplitude modulation, despite the transmit signal now being a pulse train. Depth encoding and demodulation are identical to other FMCW methods. Another variant of the square-wave modulation uses a square wave of fixed length but with an LFM repetition rate. This results in each RF pulse exciting the same initial thermoacoustic pressure distribution.
Due to the frequency-domain depth encoding, CW and square-wave modulations allow for simultaneous transmit and receive, whereas a significant delay is required between transmit pulses for time-domain pulsed TAUS. For v s = 1500 m/s, receiving unaliased signals from a 15 cm depth requires a delay of 100 μs. For 500 ns pulses, this implies a maximum duty cycle of 0.5%. Therefore, for a given duration of RF transmit, the scan time is significantly shorter for the CW and square wave methods than for pulsed modulation.
C. Maximizing TAUS SNR Under a Fixed Energy Constraint
When the thermal confinement condition is satisfied, tissue heating due to the RF excitation in TAUS is proportional to the quantity of RF energy delivered. For a pre-scan to assess RF implant safety, thermo-acoustic signals originating from the SAR peaks near lead tips must be received with sufficient SNR to ensure detection, while minimal RF energy should be delivered to prevent significant tissue heating.
The RF transmit and acoustic receive signals in TAUS have a nonlinear relationship, as the acoustic signal power is proportional to the square of the RF signal power. Although the SNR depends on multiple factors including the RF excitation mechanism, the acoustic receiver setup, and the material properties throughout the medium, this quadratic relationship implies that when transmitting a fixed quantity of RF energy, SNR always improves as the transmit power is increased. Specifically, increasing the transmit power and decreasing the transmit duration by a factor of N improves SNR by a factor of √ N while depositing the same amount of energy and therefore causing the same level of tissue heating [29] .
A shorter RF excitation is possible with the time-domain pulsed method than with frequency-domain methods such as FMCW amplitude modulation and square-wave modulation, suggesting that the pulsed method may be able to use a higher transmit power level than these other methods under a fixed energy constraint and therefore achieve a better SNR. However, the RF transmit power cannot be increased to arbitrarily high levels and is limited by the peak output power of the RF power amplifier used in the transmit chain. This power limitation determines either the minimum duration of the transmit waveform or the number of repeated acquisitions using a given transmit waveform that is needed to transmit the desired quantity of RF energy. When a sufficiently large number of repeated pulsed acquisitions is required, frequency-domain methods become viable alternatives to the pulsed method. Regardless of which acquisition method, excitation source, and receiver setup are used, RF transmit should be done using the maximum possible transmit power to maximize SNR for a given level of tissue heating.
D. Effect of SAR Spatial Profile on TAUS Signal
Using the Green's function for the wave equation in (5) and separating the spectrum of the RF transmit power from the other terms in the resulting expression, we can directly express the frequency-domain thermo-acoustic pressure as
S represents the spatial profiles of thermo-acoustic signals of different acoustic frequencies, which describe how the magnitude and phase of these signals vary with position. The volumetric integral in (7) expresses how the SAR spatial profile and the acoustic wavelength affect the thermoacoustic spatial profile. Conceptually, in TAUS the SAR spatial profile can be treated as a continuous set of acoustic point sources that generate spherical waves of varying magnitudes. Therefore, the amplitude of a thermo-acoustic wave at a given position is inversely proportional to the distance between the wave's source and the position. Additionally, the ratio between this distance and the acoustic wavelength determines the phase shift incurred by the propagating thermo-acoustic wave at that position. The varying phase shifts from the different acoustic point sources represented by the SAR spatial profile create interference patterns that strongly influence how the signal varies as a function of position. Although the specific analysis shown here applies to a uniform, nonattenuating medium, the signal's dependence on the SAR spatial profile also holds true when considering more complex scenarios.
The SAR spatial profile differs when scanning different objects, meaning that the spatial profile of the thermo-acoustic signal as a function of acoustic frequency differs as well. This makes the choice of acoustic acquisition bandwidth for each TAUS scan important, as it affects the observed signal differently on a case-by-case basis.
III. METHODS
To evaluate the utility of TAUS in assessing RF implant safety in MRI, we implemented a system to obtain thermoacoustic signals from lead tips using a variety of modulation methods. We then compared the SNRs of these methods in the case of equal transmit power and transmit duration [30] . The TAUS acquisition system was integrated with an MRI scanner to observe the thermo-acoustic signal created by the coupling between the RF fields transmitted by the scanner's body coil and a model device lead [30] . To gain further insight into the excited thermo-acoustic signal, we developed and experimentally validated simulations of the signal generated by RF power absorption near lead tips. A. TAUS Experimental Setup Fig. 1 shows the setup used to induce and detect thermoacoustic signals outside of the MRI scanner. A Medusa MRI console [31] and a series of custom electronics generated the desired transmit waveforms, each using a 64 MHz RF carrier to emulate the RF frequency used in a 1.5 T MRI scanner. The RF transmit signal was amplified by a 200 W power amplifier (AR Kalmus model LA200HP-CE 0.5-100 MHz), high-pass filtered to reduce undesirable harmonics, passed through a bandpass circulator to protect the power amplifier from reflections, and then used to directly drive a stripped coaxial cable immersed in saline solution. An Olympus V303-SU 1 MHz immersion ultrasonic transducer received the thermo-acoustic signal that was generated near the exposed conductor at the coaxial cable tip. The transducer signal was notch filtered to attenuate any feedthrough of the transmit signal, amplified by an AD797 op amp with a 40 dB gain, and low-pass filtered before reaching the Medusa RF receive port. The received signal was then digitized by the Medusa ADC, digitally demodulated, and sent through a USB connection to a computer for post-processing. Using the Medusa console for transmit and receive allowed for coherent post-processing of the received signal.
B. Comparison of TAUS Acquisition Methods
Four different TAUS acquisition methods were used. To implement each method, we built a transmit chain to generate the desired RF transmit waveform, as detailed in Appendix A. 1 The transmit waveforms were characterized at the output of the RF power amplifier using the setup in Fig. 2a .
For pulsed TAUS (Fig. 2b) , a 500 ns pulse of the 64 MHz carrier was sent to the power amplifier. For FMCW amplitude modulation (Fig. 2c) , a 2 ms LFM chirp with a 1 MHz center frequency and a 375 kHz bandwidth was used to amplitude modulate the 64 MHz carrier. Two variants of square-wave modulation were tested as well. In both cases, a 2 ms LFM chirp with a 1 MHz center frequency and a 375 kHz bandwidth determined the repetition frequency of the square wave used for OOK modulation of the 64 MHz carrier. In the first case, a square wave with a 50% duty cycle was used, whereas the second variant passed the 64 MHz carrier to the amplifier for 500 ns during each period of the square wave. 1 Appendix A is available in the supplementary files / multimedia tab. To compare these four TAUS acquisition methods, each drove the experimental setup in Fig. 1 at the same transmit power level for a total duration of 4 ms, ensuring the same total RF energy deposition for each method. For the pulsed TAUS method, 8000 acquisitions using 500 ns pulses were averaged, and for the FMCW and square-wave modulation methods, two 2 ms acquisitions were averaged.
C. TAUS for Lead Tip SAR in an MRI Setting
We also interfaced our TAUS system with a GE Signa Excite 1.5 T scanner using the setup diagrammed in Fig. 3 . The scanner's 16 kW body coil amplifier (Analogic AN8103-CP) was instead driven by the transmit chains used in the TAUS system to produce the desired RF waveforms in the body coil. The Medusa console was configured in slave mode so that it would only transmit when triggered by the transmit gate associated with the body coil. This ensured synchronization between the TAUS RF transmit and the scanner electronics. The RF waveforms transmitted by the body coil were characterized by placing a pickup loop in the scanner bore.
A model lead, consisting of an insulated wire with 7 mm of insulation stripped at one end, was placed in the scanner bore to demonstrate TAUS detection of RF-induced lead tip heating in an MRI setting. The end of the model lead with the exposed conductor was immersed in a tub of saline solution, and the other end of the lead remained floating without any electrical connections. An Olympus V303-SU 1 MHz immersion ultrasonic transducer in the saline solution captured the thermo-acoustic signal generated near the lead tip. An OPA847-based preamplifier and an OPA842-based LED driver were powered by a 9 V non-magnetic battery and placed in an RF-shielded box attached to the transducer. The LED output from the shielded box was optically coupled to a photo-receiver outside of the scan room to prevent electromagnetic interference in the scanner bore from distorting the received signal. After low-pass filtering to attenuate any transmit feedthrough, the signal reached the Medusa's RF receive port.
To excite a thermo-acoustic signal at the model lead tip in the scanner bore, we used an FMCW amplitude-modulated transmit to the body coil. Each LFM chirp was 3 ms in duration, had a 1 MHz center frequency, and spanned a 375 kHz bandwidth. For each TAUS scan, 250 acquisitions were averaged. To perform the scans, a dummy MRI sequence with a TR of approximately 500 ms was initiated in the scanner console to trigger one TAUS acquisition per TR. Although the absolute transmit power levels were not measured, multiple scans of the same duration were done using a range of transmit power levels to observe how SNR varied with the relative transmit power.
D. TAUS Simulation
The thermo-acoustic signal is determined by the acoustic frequencies excited by the RF transmit modulation and the signal's spatial profiles for these excited frequencies, which depend on the medium and the SAR spatial profile. When evaluating SAR near device lead tips, a common assumption is that for a particular lead structure, the shape of the SAR spatial profile at a given RF frequency does not depend on the incident RF field pattern along the lead [32] . Therefore, the SAR spatial profile is identical up to a scale factor for any incident field profile. This implies that for a given RF excitation near the RF frequency of interest, the thermo-acoustic signal propagating from the lead tip will be identical up to a scale factor for any incident field profile as well. We developed a simulation procedure to characterize how the spatial profile of this scaled thermo-acoustic signal from a given lead varies with acoustic frequency without prior knowledge of the incident fields generated by the RF transmit coil(s). Finitedifference time-domain (FDTD) simulations were performed for two model leads, each with a wire diameter of 2.04 mm and an insulation outer diameter of 3.10 mm. One model lead had 7 mm of insulation stripped at one end, whereas the other had 14 mm of stripped insulation (Fig. 4a) .
Each simulation was conducted with two distinct steps, an electromagnetic simulation followed by an acoustic simulation [33] . The electromagnetic simulation, performed using Sim4Life (Zurich MedTech, Zurich, Switzerland), first determined the spatial profile of the local SAR near the lead tip up to a scale factor. The lead was modeled as immersed in a uniform conductive medium, and a 64 MHz plane wave source was placed at an arbitrary position along the lead to generate electric fields oriented tangentially to the lead path (Fig. 4b) . The simulated SAR spatial profile served as the pressure source distribution for the acoustic simulation that characterized the shape of the thermo-acoustic signal's spatial profile at a range of acoustic frequencies. For the acoustic simulation, we created a Matlab (Mathworks, Natick, MA, USA) script to perform an FDTD simulation of (4) for a given SAR spatial profile in 2D cylindrical coordinates with azimuthal symmetry, as described in Appendix B 2 [34] , [35] .
To ensure that the FDTD simulation results were replicable and not significantly influenced by the choices of simulation parameters, simulations were also performed using the finite-element simulation software COMSOL Multiphysics (COMSOL, Inc., Burlington, MA, USA), as discussed in Appendix C. 3 The results of these two simulation methods were compared qualitatively to ensure that they were consistent.
The results of the thermo-acoustic simulations were used to estimate the relative signal intensities observed by a transducer positioned at different points in a plane. Fig. 5b shows the orientation of these measurement planes, which are each defined by a constant value of x in the displayed coordinate system. To determine the relative transducer signal at a given position, the size and shape of the desired transducer surface were specified, and the frequency-domain simulation results were summed over the grid points covered by this surface. Then, the resulting magnitude data within the desired excitation bandwidth was summed to determine the relative signal level. The signal profile in each measurement plane was also estimated without summing over the transducer surface to determine the effect of the transducer size and shape on the observed signal profile.
E. Experimental Validation of TAUS Simulation
To validate the simulations, the setup shown in Fig. 5 was used to determine how the observed thermo-acoustic signal varies with transducer positioning for two different leads at 3 Appendix C is available in the supplementary files / multimedia tab. two different acoustic frequency ranges. TAUS measurements of both leads in Fig. 4a were taken at a series of transducer positions in a 2D plane (Fig. 5b) by attaching a transducer to the stage of a 2D CNC plotter (Makeblock XY Plotter). The transducer was moved at 1 mm increments across both dimensions of each measurement plane to perform acquisitions in a 15 mm by 15 mm area. At each position 250 FMCW acquisitions of 375 kHz bandwidth, 4 ms duration, and a center frequency of either 0.5 MHz or 1 MHz were averaged, and an 8 ms period between the start of each acquisition resulted in a scan duration of 2 s per point. To excite thermoacoustic signals, a 200 W RF power amplifier (AR Kalmus model LA200HP-CE 0.5-100 MHz) directly drove a resonant toroid [36] that was coupled to the model leads. Olympus V318-SU (0.5MHz) and V303-SU (1 MHz) transducers were used for ultrasound reception for the 0.5 MHz and 1 MHz acquisitions.
IV. RESULTS A. Comparison of TAUS Acquisition Methods
The transmit waveforms generated for each TAUS acquisition method, shown in Fig. 2b -e, were slightly altered from their idealized forms due to the power amplifier's asymmetric rise and fall times. Fig. 6 shows the thermo-acoustic SNR versus range for each acquisition method that drove the setup in Fig. 1 . Here, the lead tip was positioned 6 cm from the transducer. The significant signal at 0 distance from the transducer is a result of direct feedthrough of the transmit signal to the receive chain. Using the stripped coaxial cable source and a 1 MHz transducer, the SNRs of the pulsed and FMCW amplitude modulation methods at the signal source were very similar, whereas the square-wave modulation methods had somewhat lower SNRs.
B. Demonstration of TAUS in an MRI Scanner
The setup used to generate TAUS transmit waveforms in the MRI scanner's body coil is not specific to the scanner used in the experiment; only access to the body coil amplifier and a transmit gate associated with the body coil were required. Conceptually, a TAUS modulation system could augment any MRI scanner through an RF routing switch to the transmit coil.
When transmitting to the high-Q MRI body coil, the RF envelopes for the pulsed and square-wave modulation methods were significantly altered, with large rise and fall times (Fig. 3b) . This reduces SNR efficiency and damages the spatial resolution of the pulsed method, for which resolution expands linearly with pulse length. These coils also affect the FMCW amplitude-modulated transmit by filtering the AM sidebands, reducing the amount of modulation in the transmit signal and decreasing thermo-acoustic excitation at the desired acoustic frequencies (Fig. 3c) . Overall, the effects of filtering were less deleterious for the FMCW amplitude-modulated waveform than for the pulsed waveform. Considering SNR, scan time, and the effects of filtering, FMCW amplitude modulation was deemed to be the most suitable TAUS acquisition method for an MRI setting. 6 . Thermo-acoustic signal when driving the stripped coaxial cable source using the same transmit power, transmit duration, and transducer positioning for the different acquisition methods. The signal peak at the 6 cm from the transducer indicates thermo-acoustic signal detection, whereas the peak at 0 distance is caused by direct feedthrough from the transmit to the receive chain.
The ultrasonic transducer used to conduct measurements in the scanner bore was not designed to be MRI-compatible, and it may have contained ferromagnetic materials or a ferrous impedance-matching inductor, as a 12 dB reduction in transducer sensitivity was measured when in the scanner's 1.5 T field. Despite this loss in sensitivity, a significant thermoacoustic signal was detected from the lead tip as a result of coupling between the RF fields from the body coil transmit and the model lead placed in the scanner bore (Fig. 7) . The SNR was roughly proportional to the transmit power, as expected from TAUS physics, and an SNR of 122 was achieved at the highest transmit power level when averaging 250 acquisitions, each using a 3 ms FMCW amplitude-modulated excitation. Fig. 4c shows the shape of the SAR spatial profiles at 64 MHz from the FDTD electromagnetic simulations of both leads. For both leads, the SAR is highest along the exposed conductor, with peaks near the start and end of the conductor. This SAR distribution matches simulation results from other work [32] . Results of the acoustic simulations are displayed in Fig. 4d , which shows the scaled spatial profiles of the thermo-acoustic signal magnitudes for both leads at acoustic frequencies of 0.5 MHz and 1 MHz. The differences in the SAR spatial profiles between the two simulated leads result in different spatial profiles for the thermo-acoustic signals propagating from the leads. For each lead, the signal magnitude varies more rapidly in space for the 1 MHz acoustic frequency due to the shorter acoustic wavelength as compared to the 0.5 MHz acoustic frequency.
C. TAUS Simulation Results and Validation
Simulated thermo-acoustic signals from both leads are shown in 2D measurement planes in Fig. 8 . These FDTD simulations used 375 kHz bandwidths and center frequencies of 0.5 MHz and 1 MHz for the TAUS acquisition parameters. The simulated magnitude signals observed by finite-sized transducers positioned at different points in a measurement plane are shown along with the experimentally measured transducer signals from the validation experiment in Fig. 9 . The measured and simulated signal profiles in Fig. 9 appear very similar for both leads and for both acquisition center frequencies within the measured field of view, demonstrating that the simulations accurately characterize thermo-acoustic signals from lead tips.
V. DISCUSSION
A. Filtering in the TAUS System to Reduce Interference When assembling our TAUS system, the importance of minimizing both nonlinearities in the system and feedthrough from the transmit chain to the receive chain became very apparent. Nonlinear distortion in the transmit chain can add the second harmonic of the modulated RF signal to the transmit signal, effectively demodulating the desired thermoacoustic signal in the transmit chain. Direct feedthrough to the receive chain or coupling to the transducer electronics of this demodulated signal creates artifacts in the received signal. Feedthrough of the undistorted RF transmit followed by nonlinear distortion of the resulting RF signal in the receive chain also creates these artifacts. A large feedthrough signal can also saturate the receive electronics, preventing detection of the desired thermo-acoustic signal. As diagrammed in Figs. 1 and 5 , we included a series of filters in the TAUS system to reduce these undesirable effects. When detecting thermo-acoustic signals in the MRI scanner bore, the system was especially sensitive to direct RF feedthrough, so fiber optic coupling of the receive signal to a photo-receiver outside the scanner was used to preserve the signal integrity.
B. Detection SNR versus Heating During TAUS Pre-Scan
The experiment in the MRI scanner achieved thermoacoustic signal detection with an SNR of 122 when taking 250 averages of 3 ms FMCW acquisitions. This indicates that a single 3 ms excitation would achieve an SNR of approximately 7.7. Although the absolute transmit power level in the experiment was not measured, the 16 kW rating of the RF amplifier along with the sinusoidal modulation of the transmit waveform indicate that the average transmit power did not exceed 8 kW. Neglecting thermal diffusion and perfusion and assuming a heat capacity of 3660 J/(kg°C) in tissue, inducing a 1°C temperature increase in 1 g of tissue with a 3 ms transmit signal requires an average power of 1.22 kW to be coupled to the lead tip. Even assuming that the upper bound of 8 kW was transmitted, a very large percentage -over 15% -of the transmit power would need to be coupled directly to the lead tip to cause a temperature increase of 1°C in 1 g, which is still below established safety standards. This degree of coupling is highly unlikely, indicating that our experimental setup could safely attain an SNR of 7.7.
Additionally, significant SNR gains should be achievable over this proof-of-concept demonstration. Using MRI-compatible transducers would prevent the significant loss in transducer sensitivity observed in the scanner's magnetic field. Adding more ultrasonic receive elements or using a transducer array would further improve the SNR, as would performing the acquisition at the acoustic bandwidth best matched to the lead's SAR spatial profile.
The presence of a strong thermo-acoustic signal from a lead tip in an MRI setting demonstrates that TAUS is a viable method to safely detect the SAR peaks associated with RF-induced heating at lead tips.
C. Transducer Size Affects Sensitivity to Receiver Positioning
The simulated and measured transducer signals in Fig. 9 vary much more rapidly in space than the simulated signal magnitudes in Fig. 8 . This indicates that summing of the thermo-acoustic signal over the transducer surface has a significant impact on the signal's spatial profile. The variation in signal phase displayed in Fig. 8 explains this effect. When the center of the transducer is positioned near the signal peak, the signal phase is relatively uniform throughout the circular transducer surface, resulting in constructive interference of the thermo-acoustic signal over the surface. As the transducer moves away from the peak, the transducer diameter becomes large relative to the rate of phase variation, and destructive interference decreases the total signal magnitude. This result shows that the acoustic receiver size can significantly impact the dependence of the observed signal on receiver positioning.
D. Simulations for Development of Robust TAUS Pre-Scan
Our simulations of the thermo-acoustic signal were validated for multiple leads and TAUS acquisition frequencies, suggesting that these simulations can accurately characterize thermo-acoustic signals at different acoustic frequencies for a variety of lead structures. Although the simulation procedure used here applies to cylindrical leads immersed in a uniform medium, it can be generalized to arbitrary lead geometries and nonuniform media by using a full 3D simulation geometry.
We can use these simulations to evaluate how the observed thermo-acoustic signal varies with the lead structure, transducer size, and acquisition bandwidth. Characterizing the signal's dependence on these factors can provide insight into how best to design a robust TAUS system that can consistently identify dangerous SAR peaks at lead tips with high sensitivity and specificity. For example, the impact of acoustic receiver size indicated by the differences between the magnitude signal maps (Fig. 8 ) and the transducer signal maps (Fig. 9 ) has key implications for the development of an accurate prescan. A robust system should not be very sensitive to the positioning of the acoustic receivers relative to the lead tip; otherwise, seemingly minor setup imprecisions could lead to incorrect safety assessments from the TAUS pre-scan. Using a phased array transducer could help reduce this sensitivity by allowing for electronic focusing to the known lead tip location. The simulations can also help determine a suitable acquisition bandwidth for the TAUS pre-scan by illustrating how thermo-acoustic signals from different types of leads vary with acoustic frequency.
E. TAUS for SAR Mapping
As the SAR spatial profile determines the thermo-acoustic pressure source distribution, a TAUS pre-scan could theoretically be used to perform SAR mapping for MRI [37] . Generating a SAR map using TAUS would require solving an inverse problem using pressure data obtained from acoustic receivers positioned around the volume of interest. However, positioning transducers around a patient in an MRI scanner and ensuring that these transducers are both acoustically coupled to the body and have a sufficient acoustic window to the volume of interest would be challenging. Additionally, obtaining accurate SAR values from this inverse problem may be difficult due to the complexities of reflection, refraction, and attenuation as acoustic waves propagate through the body. Very high bandwidth receivers would also be required to characterize both areas with slow-varying SAR spatial profiles and those with fast-varying distributions due to the differences in the thermo-acoustic signal as a function of acoustic frequency for different SAR distributions.
F. Performing a TAUS Pre-Scan for Lead Tip Heating
Rather than solving an image reconstruction problem, a TAUS pre-scan to assess the risk of lead tip heating would only need to detect the presence of a large, spatially sparse thermo-acoustic signal. The implementation of this prescan would involve a multi-step protocol to ensure accurate characterization of the lead tip SAR. Electromagnetic modeling of implant leads can determine the shape of the SAR distribution at the lead tip, allowing simulations to estimate how the thermo-acoustic signal varies with the acquisition bandwidth and the SAR magnitude. In this case of a known SAR spatial pattern, these simulations may allow for a more reliable estimate of quantitative SAR values from TAUS due to the greater certainty regarding the spatial profile of the generated thermo-acoustic signal. Using knowledge of the lead tip position, an ultrasonic transducer array can then be appropriately positioned to facilitate a robust pre-scan, and a "red-flag" signal level can be set to indicate a threshold beyond which the risk of lead tip heating is deemed excessive. Finally, the pre-scan will be performed with the patient positioned in the scanner, and the resulting signal level can be compared to the "red-flag" threshold to determine whether the proposed MRI scan is safe or unsafe to perform.
VI. CONCLUSION
The inability to determine the risk of RF-induced heating near the lead tips of implanted medical devices currently restricts many patients from receiving clinically important MRI scans. We have assembled a TAUS system, compared several acquisition methods, and demonstrated that our system can augment an MRI scanner to detect the SAR peaks that cause RF-induced heating at lead tips. Simulations of the TAUS signal originating from lead tips were also developed and experimentally validated, providing insight into how the SAR spatial profile near lead tips affects propagation of the thermo-acoustic signal at a range of acoustic frequencies. Using this simulation procedure, the effects of different parameters on a TAUS system can be better understood. With further development of the TAUS system, a TAUS pre-scan may allow for an assessment of the dangers of RF-induced lead tip heating in MRI on a case-by-case basis.
